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45 
Abstract 46 
Cyanobacteria are intricately organized, incorporating an array of internal thylakoid membranes, 47 
the site of photosynthesis, into cells no larger than other bacteria. They also synthesize C15-C19 48 
alkanes and alkenes, which results in substantial production of hydrocarbons in the environment. 49 
All sequenced cyanobacteria encode hydrocarbon biosynthesis pathways, suggesting an 50 
important, undefined physiological role for these compounds. Here we demonstrate that 51 
hydrocarbon deficient mutants of Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803 52 
exhibit significant phenotypic differences from wild-type, including enlarged cell size, reduced 53 
growth and increased division defects. Photosynthetic rates were similar between strains, 54 
although a minor reduction in energy transfer between the soluble light harvesting phycobilisome 55 
complex and membrane bound photosystems was observed. Hydrocarbons were shown to 56 
accumulate in thylakoid and cytoplasmic membranes. Modelling of membranes suggests these 57 
compounds aggregate in the centre of the lipid bilayer, potentially promoting membrane 58 
flexibility and facilitating curvature. In vivo measurements confirmed that Synechococcus sp. 59 
PCC 7002 mutants lacking hydrocarbons exhibit reduced thylakoid membrane curvature 60 
compared to wild-type. We propose that hydrocarbons may have a role in inducing the flexibility 61 
in membranes required for optimal cell division, size and growth, and efficient association of 62 
soluble and membrane bound proteins. The recent identification of C15-C17 alkanes and alkenes 63 
in microalgal species suggests hydrocarbons may serve a similar function in a broad range of 64 
photosynthetic organisms. 65 
 66 
 67 
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 68 
Introduction 69 
Cyanobacteria (oxygenic photosynthetic bacteria) are found in nearly every environment on 70 
Earth and are major contributors to global carbon and nitrogen fixation (Galloway et al., 2004; 71 
Zwirglmaier et al., 2008). They are distinguished amongst prokaryotes in containing multiple 72 
internal thylakoid membranes, the site of photosynthesis, and a large protein compartment, the 73 
carboxysome, involved in carbon fixation. Despite these extra features, cyanobacteria can be as 74 
small as 0.6 µm in diameter (Raven, 1998). 75 
 76 
All cyanobacteria with sequenced genomes encode the pathway for the biosynthesis of 77 
hydrocarbons, implying an important, although as yet undefined, role for these compounds (Lea-78 
Smith et al., 2015). The major forms are C15-C19 alkanes and alkenes, which can be synthesized 79 
from fatty acyl-ACPs by one or other of two separate pathways (Figure 1) (Schirmer et al., 2010; 80 
Mendez-Perez et al., 2011). The majority of species produce alkanes and alkenes via acyl-ACP 81 
reductase (FAR) and aldehyde deformylating oxygenase (FAD) (Schirmer et al., 2010; Li et al., 82 
2012; Coates et al., 2014; Lea-Smith et al., 2015). Cyanobacterial species lacking the FAR/FAD 83 
pathway synthesize alkenes via olefin synthase (Ols) (Mendez-Perez et al., 2011; Coates et al., 84 
2014; Lea-Smith et al., 2015). This suggests that hydrocarbons produced by either pathway serve 85 
a similar role in the cell. Homologues of FAR/FAD or Ols are not present in other bacteria, or 86 
plant and algal species. However, C15-C17 alkanes and alkenes, synthesized by an alternate, 87 
uncharacterized pathway, were recently detected in a range of green microalgae including 88 
Chlamydomonas reinhardtii, Chlorella variabilis NC64A and several Nannochloropsis species 89 
(Sorigue et al., 2016). In Chlamydomonas reinhardtii, hydrocarbons were primarily localized to 90 
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the chloroplast, which originated in evolution from a cyanobacterium that was engulfed by a host 91 
organism (Howe et al., 2008). Hydrocarbons may therefore have a similar role in cyanobacteria, 92 
some green microalgae species and possibly a broader range of photosynthetic organisms. 93 
 94 
Hydrocarbons act as antidesiccants, waterproofing agents and signaling molecules in insects 95 
(Howard and Blomquist, 2005) and prevent water loss, ensure pollen viability and influence 96 
pathogen interactions in plants (Kosma et al., 2009; Bourdenx et al., 2011). However, the 97 
function of hydrocarbons in cyanobacteria has not been determined. Characterization of 98 
cyanobacterial hydrocarbon biosynthesis pathways has provided the basis for investigating 99 
synthetic microbial biofuel systems, which may be a renewable substitute for fossil fuels 100 
(Schirmer et al., 2010; Choi and Lee, 2013; Howard et al., 2013). However, secretion of long 101 
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chain hydrocarbons from the cell into the medium, which is likely essential for commercially 102 
viable production, has not been observed in the absence of a membrane solubilization agent 103 
(Schirmer et al., 2010; Tan et al., 2011). Cyanobacterial hydrocarbons also have a significant 104 
environmental role. Due to the abundance of cyanobacteria in the environment, hydrocarbon 105 
production is considerable, with hundreds of millions of tons released into the ocean per annum 106 
following cell death (Lea-Smith et al., 2015). This production may be sufficient to sustain 107 
populations of hydrocarbon-degrading bacteria, which can then play an important role in 108 
consuming anthropogenic oil spills (Lea-Smith et al., 2015).  109 
 110 
Here, we investigated the cellular location and role of hydrocarbons in both spherical 111 
Synechocystis sp. PCC 6803 (Synechocystis) and rod-shaped Synechococcus sp. PCC 7002 112 
(Synechococcus) cells. We developed a model of the cyanobacterial membrane which indicated 113 
that hydrocarbons aggregate in the middle of the lipid bilayer and when present at levels 114 
observed in cells, lead to membrane swelling associated with pools of hydrocarbon. This 115 
suggested that alkanes may facilitate membrane curvature. In vivo measurements of 116 
Synechococcus thylakoid membrane conformation are consistent with this model.  117 
 118 
  119 
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Results 120 
Hydrocarbons predominantly localize to thylakoid and cytoplasmic membranes 121 
Recently we demonstrated that 115 sequenced cyanobacteria isolated from a broad range of 122 
environments contain either the far/fad or ols genes, encoding the enzymes for alkane/alkene 123 
biosynthesis (Lea-Smith et al., 2015). In an additional 32 recently sequenced genomes from 124 
cyanobacteria we found the same situation with the majority, 133/147, containing far/fad 125 
homologues (Table S1). Clearly there is an important role for these compounds in cyanobacteria. 126 
In order to investigate this, we disrupted the two different biosynthetic pathways in two species 127 
of cyanobacteria that are also morphologically distinct. Far in Synechocystis and ols in 128 
Synechococcus, were disrupted by insertion of a kanamycin resistance cassette into the open 129 
reading frame (Figure S1). In wild-type Synechocystis 1.44 mg/g dry cell weight (DCW) of 130 
alkanes, predominantly heptadecane and 8-heptadecene were detected (Tan et al., 2011), whereas 131 
in Synechococcus 0.61 mg/g DCW of alkenes, specifically nonadecene (Mendez-Perez et al., 132 
2011), were present (Figure S2). In contrast, in mutant cells lacking either FAR or Ols, no 133 
hydrocarbons were observed. Complementation of ΔFAR by insertion of far into a neutral site on 134 
the chromosome restored alkanes to wild-type levels (Figure S1; Figure S2).  135 
 136 
Due to their hydrophobic and non-polar characteristics, hydrocarbons were expected to localize 137 
predominantly to membranes. This was confirmed in purified plasma and thylakoid membrane 138 
fractions from Synechocystis (Figure 2A, B). Alkanes constituted 5.63% and 17.41% of the 139 
plasma and thylakoid membrane lipid fractions, respectively (Figure 2C; Figure S3). Alkanes 140 
comprised 8.92% of the total Synechocystis membrane lipid fraction. Given that thylakoids 141 
constitute a larger proportion of cellular membrane than plasma membranes this suggests that a 142 
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hydrocarbon rich portion of the thylakoid membrane was purified during this process. In total 143 
Synechococcus membrane fractions, alkenes constituted 5.34% of total lipids (Figure 2C).  144 
 145 
Hydrocarbon-deficient strains exhibit enlarged cell size and division defects 146 
To determine how loss of hydrocarbons affects cell morphology, we used bright-field 147 
microscopy. ΔFAR cells were significantly larger than wild-type Synechocystis (11.02 vs 4.63 148 
µm3) (Figure 3A, B; Figure S4; Table S2), which was confirmed via particle counting 149 
measurements (11.49 vs 4.58 µm3) (Figure 3C; Table S3). In addition, a significantly larger 150 
percentage of ΔFAR cells were actively dividing (47.4 vs 40.1%) (Figure 3F; Table S4). 151 
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Division defects were also apparent in ΔOls, which formed long chains of up to twelve cells and 152 
abnormal rods (Figure 3D; Figure S4). The width of ΔOls cells was significantly larger than 153 
wild-type Synechococcus (1.76 vs 1.61 µm), which resulted in a significant increase in cell 154 
volume (3.89 vs 3.08 µm3) (Figure 3E; Table S2). Overall these results indicate a role for 155 
hydrocarbons in limiting cell size and ensuring normal cell division.  156 
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 157 
Hydrocarbons are essential for optimal cell growth  158 
Strains were then cultured under continuous moderate light (40 µmol photons m-2 s-1) to 159 
determine whether a lack of hydrocarbons in the membrane affected growth. Due to the 160 
difference in cell size between wild-type and hydrocarbon deficient mutants, which affects the 161 
optical properties of the culture (Figure 4A-D), growth was measured both by cell counting and 162 
by optical density. The increase in cell number during exponential growth was approximately 163 
four fold higher in wild-type Synechocystis cultures, compared to ΔFAR (Figure 4A). Moreover, 164 
photobleaching increased in ΔFAR cells after two days growth, as measured by the amount of 165 
chlorophyll per cell (Figure 4E). This suggests that cell damage was occurring during this time. 166 
The enlarged phenotype of ΔFAR was maintained over this growth period (Figure 4G). Wild-167 
type Synechococcus also demonstrated a statistically significant 1.4 fold increase in cell number 168 
during exponential growth compared to ΔOls (Figure 4B), although photobleaching was not 169 
observed (Figure 4F). Under moderate light, when starting with an equal amount of culture as 170 
determined by optical density, growth of the wild-type was 2.2 fold faster than ΔFAR (Figure 171 
S5A). Growth of wild-type Synechococcus was 1.5 fold faster than ΔOls (Figure S5B). The 172 
difference in growth rates between wild-type Synechocystis and Synechococcus and the 173 
hydrocarbon deficient mutants was similar at a higher light intensity of 120 µmol photons m-2 s-1 174 
(Figure S5C, D). Overall these results demonstrate the importance of hydrocarbons for optimal 175 
cell growth.  176 
 177 
The absence of hydrocarbons has minor effects on photosynthetic performance 178 
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Other cellular traits were then examined to determine whether these could affect cell growth. The 179 
maximum photosynthetic rate, as measured by oxygen evolution per unit of chlorophyll, was not 180 
reduced in the ΔFAR and ΔOls mutants (Figure 5A, B). An increase in respiration was observed 181 
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in ΔFAR cells, with a two-fold higher rate observed compared to wild-type (Figure 5C). In algae, 182 
respiration increases with cellular size (Tang and Peters, 1995), and our data suggest that the 183 
same relationship may occur in cyanobacteria. Despite the increased respiratory rate, growth of 184 
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ΔFAR was still impaired under light/dark cycles (Figure S6). However, respiration was similar 185 
between wild-type and ΔOls (Figure 5D). Photoinhibition was also comparable between wild-186 
type and hydrocarbon deficient strains (Figure 5E, F).  187 
 188 
The absorbance profile and emission spectra of the photosynthetic and light harvesting 189 
complexes were then examined. Absorbance was slightly reduced in both hydrocarbon deficient 190 
mutants in the 400-550 nm range (Figure S7), the portion of the spectra corresponding to 191 
carotenoid and chlorophyll absorption. However, the carotenoid/chlorophyll ratio was not 192 
significantly different between strains (Table S5), suggesting that the altered absorbance profile 193 
of the hydrocarbon-deficient mutants could be due to differences in light scattering, which have a 194 
greater effect at shorter wavelengths in the spectrum. Analysis of the hydrocarbon deficient 195 
mutants via 77K fluorescence emission spectra showed minor but consistent differences in 196 
energy transfer efficiency from phycobilisomes to the reaction centers of photosystems in ΔFAR 197 
and ΔOls, a blue shift in the peak between 680-700nm in ΔFAR, indicative of increased 198 
uncoupling of phycobilisomes from photosystems (Figure S8A, B), and an altered photosystem 199 
II to photosystem I ratio (Figure S8C, D). Given that the oxygen evolution rates of the 200 
hydrocarbon deficient strains are similar to wild-type, the cumulative effect of these changes on 201 
photosynthetic efficiency must be minor. Overall, these results suggest that differences in cell 202 
size and division may be the major factors in the impaired growth observed in hydrocarbon 203 
deficient mutants. 204 
 205 
Hydrocarbons may induce membrane flexibility by accumulating within the lipid bilayer 206 
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Molecular dynamics simulations have become an invaluable technique used to investigate the 207 
nanoscale organization of lipid membranes (Marrink et al., 2009; Vattulainen and Rog, 2011), 208 
particularly in complex membrane systems (Ingolfsson et al., 2014; Manna et al., 2014). In order 209 
to understand how hydrocarbons could affect membrane properties, a novel symmetrical 210 
membrane model system was simulated based on the pseudo-atomistic Martini force field, with 211 
an approximately 4:1 mapping of heavy atoms to coarse-grained particles (Figure S9) (Lopez et 212 
al., 2013). The present model used 16 different lipid types corresponding to the four major 213 
groups present in cyanobacteria: phosphatidylglycerol, monogalactosyl-diacylglycerol, 214 
digalactosyl-diacylglycerol and sulfoquinovosyl-diacylglycerol, in a ratio as experimentally 215 
determined in Synechocystis (Table S6) (Sheng et al., 2011). The system contained a total of 216 
2,400 lipids, resulting in a large membrane slab with dimensions of approximately 21 x 27 nm. 217 
The hydrocarbon heptadecane was added randomly to the solvent of the equilibrated membranes 218 
after 2 µs, and observed to enter the bilayer within the first 50 ps of simulation due to its 219 
hydrophobicity. Heptadecane became fully incorporated within ~20 ns, remained solvated within 220 
the membrane for the full 5 µs of simulation, and was localized between the two monolayers, 221 
alongside the lipid tails at the center of the bilayer (Figure 6A-D).  222 
 223 
In symmetrically modeled membranes where no flip-flopping of individual lipids across leaflets 224 
occurs, like the one studied here, a flat lamellar bilayer would be expected. This was the case in 225 
the absence of alkanes, in which a stable, non-curved membrane was observed (Figure 6A). 226 
Addition of hydrocarbons led to their spontaneous insertion and clustering within the bilayer 227 
core, with a concomitant increase in membrane thickness from ~3.27 nm to ~3.95 nm, 228 
irrespective of concentration. The overall lipid lateral diffusion coefficients in all systems were 229 
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within experimentally reported ranges (Kana, 2013). Pools of clustered hydrocarbon molecules 230 
were associated with a reduction in lipid chain order and packing efficiency, particularly at ≥5 % 231 
mol/mol hydrocarbon concentrations (Figure S10). Moreover, increasing amounts of 232 
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hydrocarbon dissolved within the bilayer centre which led to localized swelling on one side of 233 
the membrane, around the sites of hydrocarbon accumulation, as visually evident in the cross-234 
sections (Figure 6B-D). The swelling settled in one direction or another, and this direction did 235 
not change during the simulation, presumably due to the stochastic distribution of solubilized 236 
hydrocarbons within the membrane. This is consistent with neutron diffraction studies, which 237 
indicated alkane incorporation and swelling of dioleoyl lecithin bilayers (White et al., 1981). The 238 
accumulation of hydrocarbons thus increased the flexibility of the membrane and induced 239 
localized swelling. It should also be noted that the use of an alternative lipid parameter set 240 
developed for the membranes of Thermosynechococcus vulcanus and Spinacia oleracea (van 241 
Eerden et al., 2015) similarly induced swelling and disorder in our bilayer model in the presence 242 
of alkanes.  243 
 244 
The level of swelling observed at ≥7.5 % mol/mol hydrocarbons due to the presence of a large 245 
hydrocarbon pool eventually destabilized the membrane, resulting in a phase transition to a non-246 
lamellar bilayer. In a macroscopic system, and/or under conditions of fixed simulation volume, 247 
the membrane swelling and lipid disorder would be expected to result in induction of significant 248 
bilayer curvature. Typically, membrane curvature depends upon induced asymmetry of one 249 
monolayer compared to another (McMahon and Gallop, 2005). Local clustering of non-bilayer 250 
forming lipids could also lead to curvature. Monogalactosyl-diacylglycerol is one such lipid, 251 
whereas phosphatidylglycerol, digalactosyl-diacylglycerol and sulfoquinovosyl-diacylglycerol 252 
favor flat lamellar phases (Shipley et al., 1973; Tilcock, 1986), and local monogalactosyl-253 
diacylglycerol enrichment could hinder the formation of complete lamellar bilayer phases, even 254 
in combination with other thylakoid lipids (Murphy, 1982).  255 
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 256 
Synechococcus hydrocarbon-deficient mutants demonstrate reduced membrane curvature 257 
To assess the effects of hydrocarbon deficiency on membrane conformation in Synechocystis and 258 
Synechococcus we used thin-section electron microscopy. Electron micrographs of the wild-type 259 
and hydrocarbon-deficient mutants suggested that the thylakoid membranes are more planar in 260 
the mutants, although this effect could only be properly quantified and verified in 261 
Synechococcus, due to its more regular thylakoid membrane layout and its elongated cell shape. 262 
In thin-section images from Synechococcus we selected cells which appeared circular in profile: 263 
in these cases we could be sure that the thin-section cut across the cell perpendicular to the long 264 
axis, since any other section would be non-circular (Figure S11). In the circular sections, the 265 
thylakoid membranes appear as an array of roughly parallel membrane sacs, each spanning the 266 
gap between a pair of poorly-defined bodies close to the plasma membrane termed the “thylakoid 267 
centers” (Kunkel, 1982; Stengel et al., 2012). Typically, each thin section showed 2-4 thylakoid 268 
centers distributed around the cell perimeter, with the thylakoid membrane sacs extending 269 
between them.  270 
 271 
To derive a quantitative measure of membrane curvature, we traced the membrane between two 272 
thylakoid centers and measured its length, and also measured the straight-line distance between 273 
the thylakoid centers (Figure 6E). The ratio of these two measures reflects the curvature of the 274 
membrane. We measured the curvature of over 100 membrane segments from each strain. There 275 
was no significant difference between the means of the wild-type and ΔOls inter-node distances. 276 
On average, thylakoid membranes in wild-type cells were found to be more curved than those of 277 
ΔOls (Figure 6F). The mean length ratio was 1.09 ± 0.06 in wild-type versus 1.06 ± 0.07 in 278 
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ΔOls, with the relatively high standard deviations reflecting a range of membrane curvatures in 279 
both the wild-type and ΔOls (Figure 6F; Figure S12). Nevertheless the difference in the means is 280 
highly significant, with a p-value of 0.00007 from a Student’s t-test.  281 
 282 
  283 
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Discussion 284 
Here we have shown a role for hydrocarbons in two morphologically different cyanobacterial 285 
species. While both hydrocarbon deficient mutants display increased cell size, division defects 286 
and reduced growth, a more severe phenotype was observed in ΔFAR cells (Figure 3; Figure 4). 287 
Spherical cells have a larger fraction of highly curved membranes than rod-shaped cells. In the 288 
case of cyanobacteria greater membrane flexibility would be required in order to incorporate 289 
multiple thylakoid membranes and to divide efficiently. High-resolution inelastic neutron 290 
scattering experiments of Synechocystis cells demonstrated dynamic flexibility within thylakoid 291 
membranes which differed between light and dark periods, suggesting that, if hydrocarbons 292 
affect curvature, these compounds may also have a role in other cellular functions (Stingaciu et 293 
al., 2016). While the division dynamics of cyanobacteria are poorly understood, in the spherical 294 
bacterium Staphylococcus aureus, cells divide by first forming a septum, leading to development 295 
of two daughter cells connected via a narrow peripheral ring, followed by an abrupt separation 296 
event (Zhou et al., 2015). This form of division induces high stress on cellular components and is 297 
dependent on extreme curvature in membranes. A similar division event in Synechocystis and 298 
other spherical cyanobacteria requires the induction of membrane curvature not only in the 299 
cytoplasmic membrane but also in the thylakoid membranes, in order that these are efficiently 300 
distributed between daughter cells. By contrast, rod shaped cells divide by first increasing in 301 
volume and length, followed by formation of a septum in the middle of the extended cell and 302 
subsequent separation (Wu and Errington, 2012). This form of cell division would require less 303 
induction of membrane curvature in the cytoplasmic membrane and thylakoid membranes and 304 
would be necessary at only one end of the cell. Interestingly, in the ΔOls strain, hydrocarbons 305 
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were more important for efficient daughter cell separation than division, as shown by the 306 
formation of chains of cells (Figure 3D). 307 
 308 
Although the ΔOls mutant showed significantly less thylakoid membrane curvature on average 309 
than wild-type Synechococcus, examples of membrane curvature could be observed in this strain 310 
(Figure 6, Figure S11), despite the natural tendency of lipid bilayers to adopt a flat shape 311 
(Graham and Kozlov, 2010). Moreover, since simulations indicated that they integrate into the 312 
middle of the bilayer (Figure 6B-D), hydrocarbons would be unable to orientate the direction of 313 
curvature, suggesting that their major role may be to induce the required flexibility in 314 
membranes. Therefore hydrocarbons cannot be the only factor determining membrane curvature: 315 
other factors must contribute to both the direction and maintenance of curvature. In addition it 316 
was observed that after successive rounds of sub-culturing, typically six to eight, that the size 317 
difference between the hydrocarbon deficient mutants and wild-type strains was reduced and 318 
Synechococcus ΔOls cells no longer formed chains of cells. That suggests that other factors in 319 
the cell were compensating for the loss of hydrocarbons.  320 
 321 
An Arabidopsis thaliana protein, CURT1A, has been shown to induce membrane curvature in 322 
chloroplast membranes (Armbruster et al., 2013). A homologous protein in Synechocystis, CurT, 323 
has recently been shown to have a similar role in thylakoid membranes (Heinz et al., 2016). 324 
Deletion of CurT resulted in a reduction in growth and extreme differences in thylakoid 325 
membrane organization, with the thylakoids appearing to cross the cytoplasm and not converging 326 
on the ‘thylakoid centres’. In contrast to ΔFAR, cell size was not affected although 327 
photosynthesis was reduced. The ΔcurT strain also displayed disassociated phycobilisomes, 328 
 www.plantphysiol.org on December 19, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.
 22
similar to what was observed in ΔFAR and ΔOls (Figure S8A, B). This strongly suggests that the 329 
degree of membrane curvature is essential for optimal phycobilisome:photosystem interaction 330 
and may also influence contact of other soluble proteins with membrane bound components. 331 
Therefore it is possible that, if hydrocarbons do alter membrane curvature, then this is augmented 332 
and orientated by CurT. In ΔcurT, the thylakoid membranes were still highly curved, indicating 333 
that other factors are involved in inducing membrane curvature (Heinz et al., 2016). Homologues 334 
of CurT are present in the majority of sequenced cyanobacterial strains (Table S1). Notable 335 
exceptions include Gloeobacter species, which lack thylakoid membranes (Rippka et al., 1974; 336 
Rexroth et al., 2011; Saw et al., 2013), and therefore may not require orientation of membrane 337 
curvature or may regulate it by other means. In other bacterial species this includes turgor 338 
pressure or force applied via cytoskeletal components (Cabeen et al., 2009). The glycolipid 339 
monogalactosyl-diacylgycerol may also help stabilize this curvature, given its tendency to favor 340 
non-lamellar phases (Shipley et al., 1973; Murphy, 1982; Tilcock, 1986). Other as yet 341 
unidentified factors may also contribute to membrane curvature.  342 
 343 
Hydrocarbons may also have additional functions in cells not identified in this study, such as 344 
modulating membrane permeability (Valentine and Reddy, 2015). The use of planar lipid 345 
bilayers as model systems has demonstrated that the addition of hexadecane increases membrane 346 
thickness and reduces membrane permeability (Dilger and Benz, 1985). Therefore, the increase 347 
in cell size may be due to a combination of factors: differences in osmotic pressure due to 348 
reduced membrane permeability; outward physical pressure on the cell applied by a series of less 349 
curved thylakoid membranes; and division impairment, which would result in hydrocarbon 350 
deficient strains being larger than wild-type before cell separation. However, in the case of 351 
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Synechococcus cells it is interesting that an increase in size was only observed along the long 352 
axis of the cell, where outward physical pressure applied by less curved thylakoid membranes 353 
would be expected to have the greatest effect.  354 
 355 
Conclusion 356 
Given that maintaining optimal growth and cell division is important in all ecosystems (Raven, 357 
1998), the role of hydrocarbons in supporting optimal growth through potentially inducing 358 
membrane flexibility and reducing membrane permeability may be sufficient to explain the 359 
strong evolutionary pressure to retain hydrocarbon biosynthesis in cyanobacteria. It may also 360 
explain why similar hydrocarbons are produced by some microalgae species. An additional 361 
advantage is that unlike phospholipids or proteins, hydrocarbons do not contain either 362 
phosphorus or nitrogen, which are limited in many environments, notably in the open ocean 363 
where Synechococcus and Prochlorococcus species dominate (Flombaum et al., 2013). 364 
Moreover, the non-reactive properties of hydrocarbons make them resistant to oxidative damage 365 
(Valentine and Reddy, 2015), which is a major issue in cyanobacteria due to constant electron 366 
production from photosynthesis and respiration (Lea-Smith et al., 2015). Hydrocarbon induced 367 
membrane curvature may therefore represent a unique, low-risk and efficient system of inducing 368 
flexibility and reducing permeability in one of the most biologically important and ancient 369 
membrane systems on the planet. 370 
 371 
Materials and methods 372 
Bioinformatics 373 
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Protein BLAST comparisons (Altschul et al., 1990) were performed using inferred protein 374 
sequences for Synechocystis sll0209 (FAR), sll0208 (FAD)  and slr0483 (CurT) and 375 
Synechococcus Syn7002_A1173 (Ols) (WP_012306795) with the completed cyanobacterial 376 
genomes listed in the NCBI database (http://www.ncbi.nlm.nih.gov/genome/browse/) and Biller 377 
et al, 2014 (Biller et al., 2014). For FASTA BLAST comparisons of Ols only matches across the 378 
majority of the gene (>90%) were included, due to the conservation of many domains in 379 
polyketide synthase proteins. Protein BLAST comparisons of FAR, FAD and Ols were also 380 
performed against the bacterial and eukaryotic sequences in the NCBI database in order to 381 
confirm that these proteins are cyanobacterial specific. 382 
 383 
Bacterial strains, media and growth conditions  384 
Synechocystis and Synechococcus strains were routinely cultured in BG11 medium with 10 mM 385 
sodium bicarbonate (Castenholz, 1988) at 30°C and grown under moderate light (30-40 µmol 386 
photons m-2 s-1) with shaking at 120 rpm unless otherwise indicated. HEPES and vitamin B12 387 
were added to Synechococcus cultures to a final concentration of 10 mM and 4 µg/L, 388 
respectively. 10 mM sodium bicarbonate was also added to Synechococcus cultures every two 389 
days. 15 g/L of agar was used for preparation of solid media and supplemented with 30-100 390 
µg/mL of kanamycin or 5% sucrose (w/v) when necessary. Cultures incubated at 120 µmol 391 
photons m-2 s-1 were bubbled with air to prevent carbon limitation.  392 
 393 
Plasmid construction 394 
All primers are listed in Table S7. Polymerase chain reactions were performed by standard 395 
procedures using Phusion high fidelity DNA polymerase (NEB). The genome sequence of 396 
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Synechocystis and Synechococcus (Kaneko et al., 1996) was consulted via Cyanobase 397 
(http://genome.kazusa.or.jp/cyanobase) for primer design. Gene deletion of Sll0209 was 398 
performed by amplifying a 1750 bp fragment spanning Sll0209 and flanking regions using 399 
primers Sll0209for and Sll0209rev, followed by insertion into the XbaI/SphI sites of pUC19. The 400 
aph gene conferring kanamycin resistance was excised from pUC4K (Vieira and Messing, 1982) 401 
and inserted into the HincII site in the middle of the fragment to generate pSll0209. Gene 402 
deletion of ols (SYNPCC7002_A1173) was performed by amplifying a 1922 bp fragment in the 403 
5’ region using primers Olsfor and Olsrev, followed by insertion into the EcoRI/SalI sites of 404 
pUC19. The aph gene was inserted into the blunt ended BamHI in the middle of the fragment to 405 
generate pOls. 406 
 407 
Gene deletion of phaAB was performed by amplifying a 1069 bp fragment upstream of phaA 408 
using primers PhaABleftfor and PhaABleftrev and a 1087 bp fragment downstream of phaB 409 
using primers PhaABrightfor and PhaABrightrev, followed by insertion of the respective 410 
fragments into the XbaI/BamHI and SacI/EcoRI sites of pUC19 to generate pPhaAB-1. The 411 
BamHI digested npt1/sacRB cassette from pUM24Cm (Ried and Collmer, 1987) was inserted 412 
into the BamHI site between the upstream and downstream fragments to generate pPhaAB-2. To 413 
generate the plasmid for complementation (pSll0209comp) of ΔSll0209 the entire Sll0209 gene 414 
plus 295 bp of upstream region and 263 bp of downstream region was amplified using primer 415 
pairs Sll0209compfor and Sll0209comprev and inserted into the BamHI/SacI sites of pPhaAB-1. 416 
 417 
Generation of mutant strains 418 
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Generation of marked mutants was conducted according to Lea-Smith et al (Lea-Smith et al., 419 
2013; Lea-Smith et al., 2016). Approximately 1 µg of plasmids pSll0209, pOls and pPhaAB-2 420 
were mixed with Synechocystis or Synechococcus cells for 6 hours in liquid medium, followed 421 
by incubation on BG11 agar plates for approximately 24 hours. An additional 3 mL of agar 422 
containing kanamycin was added to the surface of the plate followed by further incubation for 423 
approximately 1-2 weeks. Transformants were sub-cultured to allow segregation of mutant 424 
alleles. In the case of the hydrocarbon deficient mutants this was performed by streaking the 425 
strains on BG11 agar plates containing 30 µg/mL of kanamycin, followed by a subsequent re-426 
streak on a BG11 agar plate containing 100 µg/mL of kanamycin. Typically, segregated mutants 427 
were obtained within two weeks. This is in contrast to a recent report, in which hydrocarbon 428 
deficient Synechocystis mutants were only obtained after approximately six months, most likely 429 
due to these strains being segregated on BG11 agar plates containing a maximum of 40 µg/mL of 430 
kanamycin (Berla et al., 2015). Repeated streaking over a six month period could also result in 431 
selection of numerous secondary mutations. Given that a complemented strain was not generated 432 
or examined in the Berla et al study it is therefore impossible to determine whether the 433 
phenotype observed was caused by deletion of hydrocarbons or secondary mutations. Due to this 434 
factor and the difference in time in generating mutants a direct comparison between the results 435 
reported by Berla et al (Berla et al., 2015) and this study is difficult due to the instability of the 436 
hydrocarbon deficient strains. 437 
 438 
Segregation was confirmed by PCR using primers Sll0209for/Sll0209rev, Olsfor/Olsrev or 439 
Phafor/Pharev, which flank the inserted region (Figure S1). Generation of unmarked mutants was 440 
carried out according to Xu et al (Xu et al., 2004) and Lea-Smith et al (Lea-Smith et al., 2013; 441 
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Lea-Smith et al., 2016). To remove the npt1/sacRB cassette and insert the Sll0209 442 
complementation cassette, the phaAB marked knockout was transformed with 1 µg of the 443 
markerless pSll0209comp construct. Following incubation in BG11 liquid medium for 4 days 444 
and agar plates containing sucrose for a further 1-2 weeks, transformants were patched on 445 
kanamycin and sucrose plates. Sucrose resistant, kanamycin sensitive strains containing the 446 
unmarked deletion were confirmed by PCR using primers flanking the insert region (Figure 447 
S1B). The ΔSll0209 mutant was generated in the ΔPhaAB:Sll0209 background in order to 448 
produce the complement strain. 449 
 450 
The ΔOls mutant could not be complemented due to the large size of the gene (8163 bp). 451 
Therefore wild-type Synechococcus and ΔOls were sequenced using the IlluminaMiSeq personal 452 
sequencer and mapped to the Synechococcus genome. Apart from the expected deletion in ols, 453 
only a single point mutation in ΔOls, leading to a silent mutation, was observed, when compared 454 
to the wild-type.  455 
 456 
For characterization, mutant strains were sub-cultured in liquid medium no more than two times 457 
and streaked on solid medium a maximum of six times, due to the instability of the mutants. 458 
After this period the size difference between the hydrocarbon deficient mutants and wild-type 459 
strains was reduced, suggesting that another factor in the cell was compensating for the loss of 460 
hydrocarbons. Strains could not be prepared as glycerol stocks, since this also resulted in a 461 
change in the phenotype. After this period of sub-culturing, fresh mutants were constructed for 462 
analysis. 463 
 464 
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Extraction and analysis of total hydrocarbons  465 
All chemicals were purchased from Sigma chemicals. For extraction of total hydrocarbons, 1.5 466 
mL of dichloromethane was added to pelleted dried cells in glass vials and hydrocarbons were 467 
extracted and analyzed by gas chromatography-mass spectrometry (GC-MS) according to Lea-468 
Smith et al (Lea-Smith et al., 2015). Hydrocarbons and lipids were extracted from Synechocystis 469 
thylakoid, cytoplasmic and total membrane fractions and Synechococcus total membrane 470 
fractions based on the method in Davey et al (Davey et al., 2008) where 1 mL (3 mL for total 471 
membrane fractions) of chilled (–20 ˚C) solvent (methanol:chloroform:water, 2.5:1:1) was added 472 
to the membrane fraction tube, vortexed, and left in ice with occasional shaking. After 30 min, 473 
tubes were centrifuged (16,000 g, 2 min, 4˚C). The supernatant was removed and placed in a 474 
chilled tube on ice. The remaining pellet was re-extracted with 0.5 mL (1.5 mL for total 475 
membrane fractions) chilled (–20˚C) methanol:chloroform, 1:1 for 30 min. After centrifuging as 476 
described earlier, the supernatants were combined in a 2 mL tube. The organic chloroform phase 477 
was separated from the aqueous phase by adding 250 µL (750 µL) chilled water and extracted 478 
into a new glass 2 mL GC sample vial. The chloroform phase was dried (GeneVac EZ-2; SP 479 
Scientific) and re-suspended in 200 µL heptane. The extracts were stored at –80˚C before 480 
analysis of total alkanes and lipids (FAMEs). For negative controls, extraction blanks were 481 
carried out without cyanobacteria (no significant amounts of hydrocarbons were detected) and 482 
positive controls consisted of adding 1 mg/mL standard alkane mix (Sigma C8-C20 Alkane mix) 483 
to a blank extraction procedure. 484 
 485 
Purification of membrane fractions 486 
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Plasma and thylakoid membranes were isolated using a combination of sucrose density 487 
centrifugation followed by aqueous two-phase partitioning according to Norling et al (Norling et 488 
al., 1998) and Huang et al (Huang et al., 2002). Synechocystis cells were grown at 30°C under 50 489 
µmol photons m-2 s-1 of white light in BG-11 medium with bubbling air. All steps were carried 490 
out at 4°C unless otherwise stated. 2 L of cells harvested at OD750nm = 0.9-1.0 were resuspended 491 
in Buffer A (20mM potassium phosphate pH7.8) and broken with glass beads. Unbroken cells 492 
and debris was pelleted by centrifugation at 3,000 x g for 10 min. The supernatant was 493 
centrifuged at 103,000 x g for 30 min to pellet total membranes. Total membranes were made up 494 
to a concentration of 42% sucrose by the addition of solid sucrose and placed onto a 495 
discontinuous sucrose gradient comprising of 3ml layers of 50% (w/w), 42% (w/w with total 496 
membranes), 40% (w/w), 38% (w/w), 35% (w/w), 30% (w/w), 10% (w/w) sucrose in Buffer A, 497 
and centrifuged at 125,000 x g for 15 hours. The fraction between 38-42% was collected, diluted 498 
with Buffer A and centrifuged at 125,000 x g for 45 min to pellet membranes. Pelleted 499 
membranes were homogenized in Buffer B (5mM potassium phosphate pH7.8, 0.25M sucrose) 500 
to a weight of 3.75 g and applied to a 6.25 g polymer mixture of 5.8% Dextran T-500 and 5.8% 501 
polyethylene glycol 3350 in Buffer B. The partitioning system was gently inverted 35 times at 502 
4°C and centrifuged at 1000 x g to facilitate phase separation. Pure thylakoid membranes were 503 
obtained from the lower phase after five further partitionings in the 5.8% polymer mixture. Pure 504 
plasma membranes were obtained from the ninth upper phase after three partitionings in the 505 
initial polymer mixture of 5.8%, three further partitionings in 6.2% and a final three partitionings 506 
in 6.4%. Purified plasma and thylakoid membranes were diluted in Buffer B and pelleted by 507 
centrifugation at 125,000 x g for 1 hour and homogenized in a minimal volume of the same 508 
buffer. 509 
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 510 
Identification and quantification of hydrocarbons in the membrane fractions 511 
Hydrocarbons in the heptane extract were identified by GC-MS (Thermo Scientific Trace GC 512 
1310 – ISQ LT Single Quadruple EI MS, A1-1310 Autosampler) with a Phenomenex Zebron 513 
ZB-5MSi Capillary GC Column (30m x 0.25mm x 0.25 µm). The injection volume was 1 µL 514 
with a 10:1 split ratio with an injector temperature of 300 °C, using helium as a carrier gas at a 515 
constant flow of 1.0 mL min-1. The following gradient was used: initial oven temperature 70 °C, 516 
2 min; 76 °C, 1 min; 250 °C at 6 °C min-1; 330 °C at 50 °C min-1. The transfer line temperature 517 
was 250 °C. The mass spectrometry conditions in the positive mode were: ion source, 250 ºC; 518 
mass range 45-650 Da; scan time of 0.35 seconds. Heptadecane and nonadecene were identified 519 
by co-retention with standards and NIST mass spectral search libraries (National Institute of 520 
Standards and Technology NIST v2.0), 8-heptadecene was identified using the NIST library 521 
alone. Heptadecane and nonadecene were quantified using standard curves derived from peak 522 
areas of heptadecane and nonadecene standards, 8-heptadecene was quantified using peak areas 523 
derived from heptadecane standards (0.06 - 31 µg/mL).  524 
 525 
 526 
 527 
Identification and quantification of total lipids in the membrane fractions 528 
The total lipid content of the heptane extract was converted to fatty acid methyl esters (FAMEs) 529 
as described by Davey et al (Davey et al., 2014). The FAMEs were separated and identified 530 
using GC-MS as described in the membrane alkane analysis section but with a 35:1 split 531 
injection ratio, injector temperature of 230 °C, helium at a constant flow rate of 1.2 ml min-1, and 532 
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with the following gradient: initial oven temperature, 60 °C for 2 min; 150 °C at 15 °C min-1; 533 
230 °C at 3.4 °C min-1. The detector temperature was 250 °C with a scan time of 0.174 seconds. 534 
FAMEs were identified by co-elution with a FAME standards and NIST libraries and were 535 
quantified and summed using standard curves derived from C16:0 methyl esters.  536 
 537 
Modelling of Synechocystis membranes 538 
The in silico cyanobacterial membrane lipid compositions were based on the experimental lipid 539 
extractions and characterization of Synechocystis by Sheng et al (Sheng et al., 2011). Four major 540 
classes of cyanobacterial lipids were used: phosphatidylglycerol (PG), monogalactosyl-541 
diacylglycerol (MGDG), digalactosyl-diacylglycerol (DGDG) and sulfoquinovosyl-542 
diacylglycerol (SQDG), with various acyl tails differing in length and degree of saturation. These 543 
lipids contain a palmitic (16:1Δ9) tail at the sn-2 position, and another acyl tail of variable length 544 
and saturation at the sn-1 position (Murata et al., 1992). The composition of the lipid tails in the 545 
in silico membranes was adapted to coarse grained resolution, i.e. an approximately 4:1 mapping 546 
of heavy atoms to coarse-grained particles, using the Martini force field (Lopez et al., 2013). The 547 
structure of the lipid head groups and representative tails included in the model are compared to 548 
their coarse grained topologies in Figure S9, where the mapping of the Martini bead types are 549 
shown and labeled. Standard bonded parameters were used. The compositions determined by 550 
Sheng et al (Sheng et al., 2011) are shown in Table S6, and compared to the number of lipids 551 
used in our model membranes to reproduce as closely as possible this composition. The 552 
hydrocarbon heptadecane was added in varying quantities to study the effects of this compound 553 
on membrane properties. 554 
 555 
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A total of 2,400 lipids were used to build symmetric bilayers, consisting of 16 different lipid 556 
types. The system was solvated with 11,323 water beads, corresponding to ~45,000 waters, 557 
ensuring that the bilayer was well hydrated. Hydrated sodium counterion particles were added to 558 
neutralize the charges of PG and SQDG lipids. Heptadecane was added randomly to the solvent 559 
in the equilibrated membranes after 2 μs. The amounts used were 2.5, 5.0 and 7.5 mol %, 560 
corresponding to 60, 120 and 180 alkane molecules, respectively. The initial unit cell dimensions 561 
of all membrane systems were 21.0 x 27.5 x 9.0 nm in the x, y, and z directions. 562 
 563 
Simulation details 564 
The molecular dynamics simulations were performed using the GROMACS 4.5.5 MD package. 565 
The Martini lipid force field was used (Marrink et al., 2007), due to its proven performance in 566 
describing complex lipid membrane properties. Initially, a system containing 200 randomly 567 
placed 18:1 DGDG molecules surrounded by solvent was simulated for 200 ns, yielding a pre-568 
equilibrated bilayer. The lipid types were then converted at random to yield a membrane with the 569 
appropriate composition (Table S6), using in-house code. Following minimization and a further 570 
200 ns equilibration, the coordinates of this bilayer system were then multiplied in the x- and y-571 
dimensions to produce the full 2,400 lipid bilayer. A 1 μs equilibration simulation followed. 572 
Steepest descent was used for minimization, and a 40 fs time step was used together with the 573 
leap-frog algorithm during simulations. Lennard-Jones (excluding scaled 1-4) interactions were 574 
smoothly switched off between 0.9 and 1.2 nm, using a force switch. Electrostatic interactions 575 
were calculated using a shifted potential with a cut-off of 1.2 nm, with a distance-dependent 576 
dielectric constant of 15. The neighbor list of 1.4 nm was updated every 10 steps. The 577 
isothermal-isobaric ensemble (NpT) was used. The pressure (1 bar) and temperature (316 K) 578 
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coupling parameters were set to 5 ps semi-isotropically, and 10 ps, respectively (Berendsen et al., 579 
1984). All systems were simulated for 5 μs. 580 
 581 
Electron Microscopy 582 
Synechococcus cultures were grown to OD750nm = ~0.3 and harvested by centrifugation (3000 x 583 
g; 10 min), fixed and embedded according to the protocol described in Nürnberg et al using 584 
potassium permanganate as additional fixative (Nurnberg et al., 2014). Thin sections were cut 585 
with a glass knife at a Reichert Ultracut E microtome and collected on uncoated, 300 mesh 586 
copper grids. High contrast was obtained by post-staining with saturated aqueous uranyl acetate 587 
and lead citrate (Reynolds, 1963) for 4 min each. The grids were examined in a JOEL JEM-1230 588 
transmission electron microscope at an accelerating potential of 80 kV.  589 
 590 
Curvature measurements 591 
In transverse sections, the thylakoid membranes, 3-5 membranes thick, of wild-type 592 
Synechococcus and ΔOls cells, appear to emanate from 3-4 well-spaced nodes on the edge of the 593 
cell, like pages of a book, which is lying open, that fan out from its spine. The “spine” of this 594 
“book” can be imagined to run longitudinally along the cell from pole to pole. Spline curves 595 
were hand-fitted to individual membrane layers as far as they could be traced by eye from node 596 
to node in ImageJ. The ratio of the length of the curved line drawn to its Feret diameter 597 
(maximum calliper distance – i.e. the straight line distance between start and end points of the 598 
line in most cases) was taken to be a measure of its curvature. The 124 membranes from 9 wild-599 
type cells and 102 membranes form 12 ΔOls cells were analyzed. Statistical tests were performed 600 
in Matlab. 601 
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 602 
Confocal fluorescence Microscopy 603 
For confocal microscopy, mid-logarithmic phase cells were spotted onto BG11 1 % (w/v) agar 604 
plates and visualized with a Leica laser-scanning confocal microscope SP5 using a x63 oil-605 
immersion objective (Leica HCX PL APO lambda blue 63.0x1.40 OIL UV). Chlorophyll a 606 
fluorescence was detected by using an excitation wave length of 488 nm and an emission range 607 
from 670 to 720 nm. Images were captured with a pinhole of 95.5 µm which corresponds to an 608 
optical section thickness of 0.8 µm and by 4x line averaging. Analyses were performed with 609 
ImageJ 1.47i (http://imagej.nih.gov/ij) and Origin. The cell volume was determined from the 610 
mean diameter for Synechocystis cells assuming a sphere, and from the mean diameter and width 611 
of Synechococcus cells by assuming an ellipsoidal shape. A Student’s t test was used for 612 
comparison of cell volumes between strains with P<0.05 being considered statistically 613 
significant. 614 
 615 
Cell counting 616 
Numbers of cells per unit of volume were measured by counting the cells directly using a 617 
Beckman Coulter 2Z particle counter. Measurements were performed by diluting 20-100 µL of 618 
cells in 10 mL of measuring buffer. The cell diameter of Synechocystis cells was directly 619 
measured using the same instrument. Cell volume was calculated from these measurements. Due 620 
to the rod shape of Synechococcus, the cell size of this bacterium could not be determined using 621 
this device.  622 
 623 
Cell division 624 
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A semi-automated counting of cells was used to determine the number of cells that were in the 625 
process of division by segmenting the image based on fluorescence intensity and cell size. A 626 
frequency table of the number of cells observed to be above and below the size threshold 627 
(interpreted to be dividing and divided respectively) was generated (Table S4). A 2-way Chi-628 
square test yielded a significant result showing that the proportions of dividing versus divided 629 
cells is not independent of the strain and therefore suggests that there are more dividing cells in 630 
ΔFAR than in the wild-type with statistical significance. 631 
 632 
Measurements of cell growth 633 
Growth rate constants as determined by cell counting were calculated during early exponential 634 
phase (0-46 hours and 0-44 hours, respectively, for Synechocystis and Synechococcus strains 635 
cultured under 40 µmol photons m-2 s-1 light). Growth rate constants as determined by optical 636 
density were calculated during early exponential phase (0-40 hours and 0-90 hours, respectively, 637 
for Synechocystis strains cultured under 40 and 120 µmol photons m-2 s-1 light; 0-26 hours and 0-638 
90 hours, respectively, for Synechococcus strains cultured under 40 and 120 µmol photons m-2 s-1 639 
light; and 18-78 hours for Synechocystis strains cultured under 12 hour light (40 µmol photons 640 
m-2 s-1)/12 hour dark cycles). A Student’s paired t test was used for comparison of growth 641 
between strains, P<0.05 being considered statistically significant.  642 
Chlorophyll measurements  643 
The amount of chlorophyll in Synechocystis samples was measured by subtracting the 750 nm 644 
optical density (OD) value from the 680 nm OD value and multiplying the total by 10.854, 645 
according to Lea-Smith et al (Lea-Smith et al., 2013). To determine the correlation between OD 646 
values versus the chlorophyll concentration of Synechococcus, a range of samples was measured 647 
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at 750 nm and 680 nm, in addition to measuring the chlorophyll concentration according to the 648 
method of Porra et al (Porra et al., 1989). A strong correlation (r2 = 0.9983) was observed 649 
(Figure S13). The amount of chlorophyll in Synechococcus samples was then measured by 650 
subtracting the 750 nm OD value from the 680 nm OD value and multiplying the total by 12.959. 651 
 652 
Photosynthesis, photoinhibition and respiration measurements  653 
Photoinhibition, photosynthesis and respiration were determined according to Lea-Smith et al 654 
(Lea-Smith et al., 2014). Photosynthetic O2 evolution rates and O2 depletion rates (respiration) 655 
were determined on cell cultures at OD750nm = ~0.5 (~2.3 nmol Chl ml-1 in Synechocystis or ~4 656 
nmol Chl ml-1 in Synechococcus) using an oxygen electrode system (Hansatech Ltd) maintained 657 
at 30°C. ΔFAR cell cultures were collected at an OD750nm = ~0.4 and concentrated to an OD750nm 658 
= ~0.5 prior to analysis. Following dark equilibration (10 min), O2 exchange rates were  recorded  659 
for  10  min  at  increasing  light  intensities  (10, 20, 50, 95, 240, 450, 950 and 2000 µmol 660 
photons m-2 s-1), using Realite MR16+C 24°, 12 volt, 50 watt C13 white LED lamps (Deltech 661 
UK, London), which have a spectra similar to sunlight. Each light period was followed 662 
immediately by 10 min in darkness to calculate the respiration rates. The respiration rate 663 
following illumination at each light intensity period was subtracted to estimate the real rate of 664 
photosynthetic O2 evolution. To measure photoinhibition, cell cultures of OD750nm = ~0.2 (~1 665 
nmol Chl ml-1 in Synechocystis or ~1.3 nmol Chl ml-1 in Synechococcus) were first dark 666 
equilibrated (10 min), and the rate of O2 evolution was recorded for 50 min at a light intensity of 667 
2000 µmol photons m-2 s-1 in Synechocystis and 3000 µmol photons m-2 s-1 in Synechococcus. All 668 
measurements were standardized to the initial rate. A Student’s paired t test was used for all 669 
comparisons, P<0.05 being considered statistically significant. 670 
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 671 
77K fluorescence 672 
77K fluorescence measurements were performed on cells harvested during the exponential 673 
growth phase at an OD750nm = ~0.3, diluted to a final chlorophyll concentration of 5 µM and 674 
placed into glass sample tubes. After dark adaptation at room temperature for approximately 10 675 
min, samples were then snap-frozen in liquid nitrogen. 77K Fluorescence emission spectra were 676 
recorded by a Perkin Elmer LS55 fluorescence spectrometer from 620nm – 800nm with either 677 
600 nm (phycobilisome excitation) or 435 nm (chlorophyll excitation).  678 
 679 
Absorbance measurements 680 
Absorbance measurements on whole cells were performed according to Lea-Smith et al (Lea-681 
Smith et al., 2014). Cultures were harvested during the exponential growth phase at an OD750nm = 682 
~0.4. Cultures were placed in a 4 ml fluorescence cuvette (1 cm path length) and positioned in 683 
front of the entrance port of an integrating sphere. A light source sent light via an input fiber into 684 
the cuvette containing the sample and the light leaving the sample in the forward direction was 685 
collected by the integrating sphere. The extinction spectra were recorded using a USB4000-UV-686 
VIS Ocean Optics Spectrometer connected to the integrating sphere with an output fibre optic 687 
and interfaced to a computer. The cuvettes containing the samples were positioned at different 688 
distances (0 mm and 5 mm) from the entrance port of the sphere and the absorbance spectrum 689 
was obtained via the SpectraSuite® Spectroscopy operating software. The nominal absorption 690 
spectrum was then calculated using the equation according to Merzlyak et al, 2000 (Merzlyak 691 
and Naqvi, 2000). 692 
 693 
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Carotenoid quantification 694 
High performance liquid chromatography (HPLC) was performed to analyze 695 
carotenoid/chlorophyll a ratios. Pigments were extracted from freeze dried samples (triplicates) 696 
by three subsequent extraction steps in ice-cold methanol. After addition of methanol the 697 
samples were vortexed vigorously, incubated on ice for 10 min and centrifuged for 10 min at 4 698 
°C at 14,000 rpm. The supernatants of all three extraction steps were combined and filtered using 699 
13 mm, 0.22 µm PTFE syringe disc filters. 200 µl of each sample was loaded onto a Dionex 700 
HPLC system, which was equipped with a LiChrospher 100 RP-18 (5um) reverse-phase column 701 
(Merck 1.50943.0001). The flow rate was set at 1 mL/min and the mobile phase composed of 702 
two eluents (A: 0-12 min; B: 12-23 min). A: 87% acetonitrile, 10% methanol, 3% 0.1M Tris 703 
buffer pH-8. B: 80% methanol, 20% hexane. Pigments were detected spectrophotometrically at 704 
447 nm and absorbance spectra data was collected from 350-750 nm. The relative quantity of 705 
each pigment resolved was determined by integration of the area under the 447 nm peak 706 
(mAUxmin). Pigments were identified using published absorbance spectra data (Mohamed and 707 
Vermaas, 2004). 708 
 709 
 710 
 711 
Supplementary Data 712 
Figure S1: Generation of mutant strains in Synechocystis and Synechococcus.  713 
Figure S2: Chromatograms showing separation of hydrocarbons from whole cells.  714 
Figure S3: Chromatograms showing separation of hydrocarbons from membrane fractions.  715 
Figure S4: Brightfield confocal images of Synechocystis and Synechococcus strains.  716 
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Figure S5: Growth of Synechocystis and Synechococcus under moderate and high light.  717 
Figure S6: Growth of Synechocystis under moderate light/dark cycles.  718 
Figure S7: Absorbance profiles of Synechocystis and Synechococcus strains.  719 
Figure S8: 77K fluorescence of Synechocystis and Synechococcus strains.  720 
Figure S9: CG topologies of representative lipids of the membrane.  721 
Figure S10: Membrane partial density, lipid acyl chain order parameter, and organization in 722 
differing hydrocarbon contents.  723 
Figure S11: Electron microscopy images of Synechococcus cells.  724 
Figure S12: Length ratios (curvatures) of membranes from Synechococcus 7002 strains.  725 
Figure S13: Correlation between the absorbance at 680 nm and 750 nm, and amounts of 726 
chlorophyll measured following methanol extraction.  727 
 728 
Table S1. Conservation of hydrocarbon biosynthetic pathway proteins and CurT in sequenced 729 
cyanobacteria strains.  730 
Table S2: Cell size as determined via fluorescence microscopy.  731 
Table S3: Cell size as determined via particle counting measurements.  732 
Table S4: Cell counts of single and actively dividing Synechocystis cells.  733 
Table S5: Carotenoid/chlorophyll ratios in cyanobacterial strains.  734 
Table S6: Lipid composition of cyanobacterial membranes. 735 
Table S7: Sequence of primers used in this study.  736 
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746 
Figure legends 747 
Figure 1: Hydrocarbon biosynthesis is encoded in all sequenced cyanobacteria. Detailed are 748 
the two hydrocarbon biosynthetic pathways, indicated in blue and red, respectively, in 749 
cyanobacteria. The number of species encoding the enzymes in each pathway is indicated. 750 
 751 
Figure 2: Hydrocarbons accumulate within cyanobacterial membranes. Detection of (A) 752 
CP47 and (B) SbtA in purified plasma and thylakoid membrane fractions (replicates 1-3). Small 753 
amounts of CP47 were consistently detected in the purified plasma membrane fractions. 5 µg 754 
protein was loaded, with antibodies diluted 1:2,000. PM: plasma membrane. TM: thylakoid 755 
membrane. (C) Percentage of hydrocarbons as total lipids in Synechocystis total, thylakoid and 756 
plasma membranes and Synechocystis total membrane samples. Results are from three biological 757 
replicates. Mean ± S.D. is indicated. Statistical significance was determined by a Student’s t-test. 758 
 759 
Figure 3: Hydrocarbon deficient mutants have increased cell size and division defects. (A) 760 
Bright-field images of wild-type Synechocystis (left) and ΔFAR (right) cells. Scale bars 761 
correspond to 5 µm. Cell volume of Synechocystis strains quantified via (B) measuring the 762 
diameter of cells from confocal microscopy images and (C) particle counting measurements. (D) 763 
Bright-field images of wild-type Synechococcus (left) and ΔOls (right) cells. Scale bars 764 
correspond to 5 µm. (E) Cell volume of Synechococcus strains quantified via measuring the 765 
width and length of cells from confocal microscopy images. (B, C, E) Mean ± S.D. is indicated. 766 
Statistical significance was determined by a Student’s t-test. (F) Percentage of single versus 767 
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actively dividing Synechocystis cells. Statistical significance was determined by a 2-way Chi-768 
square test. 769 
 770 
Figure 4: Hydrocarbons are essential for optimal growth of Synechocystis and 771 
Synechococcus. Growth of (A, C) Synechocystis and (B, D) Synechococcus under 40 µmol 772 
photons m-2 s-1 light. An equal number of cells, approximately 5x106 for Synechocystis strains 773 
and 1x107 for Synechococcus strains, were added to each culture. This corresponded to an 774 
OD750nm equal to 0.07±0.001, 0.127±0.009 and 0.06±0.002 for wild-type Synechocystis, ΔFAR 775 
and ∆FAR:comp (C), respectively, and 0.076±0.003 and 0.105±0.008 for wild-type 776 
Synechococcus and ΔOls (D), respectively. The growth rate constants for wild-type 777 
Synechocystis, ΔFAR and ∆FAR:comp were 1.24±0.20x106, 3.08±0.13x105 (p=0.0169) and 778 
1.52±0.14x106 cells.h-1, respectively, and for wild-type Synechococcus and ΔOls were 779 
1.98±0.02x106 and 1.42±0.04x106 cells.h-1 (p=0.0009), respectively. (E, F) The amount of 780 
chlorophyll per cell (in attomol) in Synechocystis and Synechococcus strains, respectively. (G) 781 
Cell diameter of Synechocystis strains. Results are from three biological replicates. Errors bars 782 
indicate S.D. Asterisks indicate significant differences between wild-type and hydrocarbon 783 
deficient samples (Student’s paired t test: P < 0.05). 784 
 785 
Figure 5: Photosynthetic rates and photoinhibition are similar between wild-type and 786 
hydrocarbon-deficient mutants. Oxygen evolution was measured at different light intensities in 787 
(A) Synechocystis and (B) Synechococcus to examine photosynthesis. The maximum 788 
photosynthetic rate of wild-type Synechocystis, ΔFAR and ΔFAR:comp was 0.311±0.025, 789 
0.329±0.024 and 0.299±0.028 µmol O2.nmol Chl-1.hr-1, respectively, and of wild-type 790 
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Synechococcus and ΔOls was 0.283±0.03 and 0.303±0.018 µmol O2.nmol Chl-1.hr-1, 791 
respectively. Respiration was determined by measuring oxygen consumption following each 792 
light period in (C) Synechocystis and (D) Synechococcus. The average oxygen consumption rate 793 
following dark periods after 95 µmol photons m-2 s-1 of wild-type Synechocystis, ΔFAR and 794 
ΔFAR:comp was 0.041±0.008, 0.083±0.006 and 0.043±0.01 µmol O2.nmol Chl-1.hr-1, 795 
respectively, and of wild-type Synechococcus and ΔOls was 0.027±0.005 and 0.027±0.007 µmol 796 
O2.nmol Chl-1.hr-1, respectively. Photoinhibition was determined by measuring oxygen evolution 797 
at a light intensity of (E) 2000 µmol photons m-2 s-1 in Synechocystis and (F) 3000 µmol photons 798 
m-2 s-1 in Synechococcus. All results are from six to nine separate biological replicates. Errors 799 
bars indicate S.D. Asterisks indicate significant differences between wild-type and hydrocarbon 800 
deficient samples (Student’s paired t test: P < 0.05). 801 
 802 
Figure 6: Hydrocarbons disrupt membrane order by integrating into the lipid bilayer. 803 
Modelling of cyanobacterial membranes containing (A) 0, (B) 2.5, (C) 5 and (D) 7.5 mol 804 
heptadecane/mol total lipids in the bilayer. Hydrocarbons are shown as red van der Waals 805 
spheres. Lipids are shown in stick representation, and colored as follows: lipid head group rings 806 
are shown in magenta, phosphate beads in tan, sulfate beads in yellow, diglycerol beads in pink, 807 
and lipid tails in cyan. Snapshots show the direction of swelling associated with alkane 808 
accumulation that the membranes settled into, which was stochastic. (E) Electron micrograph of 809 
a transverse section of Synechococcus illustrating measurement of the curvature index, given by 810 
the ratio of the length of the membrane section (yellow line) and the shortest distance between 811 
the ends of the membrane section (cyan line) (F) Comparison of lines with curvature index 812 
derived from membrane measurements. Mean ± S.D. is indicated. Statistical significance was 813 
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determined by a 2-tailed t-test. The distance of the inter-node measurements was similar between 814 
strains (wild-type: 616±147 nm, ΔOls: 582±142 nm; 2-tailed t-test: P=0.1, α=0.05). 815 
 816 
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Supplementary information 1 
 2 
 3 
 4 
Figure S1: Generation of mutant strains in Synechocystis and Synechococcus. Schematic 5 
representations of locus location in the genome (top), and the wild-type and mutant strain 6 
(bottom) profiles expected in (A) ∆FAR (∆Sll0209), (B) Complemented (∆FAR:comp) and (C) 7 
  2
∆Ols strains following amplification with primers flanking the deleted/inserted sequence. 8 
Regions deleted in ∆FAR:comp are shaded in black. (D) Amplification of genomic DNA in 9 
wild-type Synechocystis (Lane 2) and ∆FAR (Lane 3) and ∆FAR:comp (Lane 4) using 10 
Sll0209for/Sll0209rev primers; in wild-type Synechocystis (Lane 5) and ∆FAR:comp (Lane 6) 11 
using Phafor/Pharev primers; in wild-type Synechococcus (Lane 7) and ∆Ols (Lane 8) using 12 
Olsfor/Olsrev primers. Markers are in lane 1. 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
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 22 
 23 
 24 
Figure S2: Chromatograms showing separation of hydrocarbons from whole cells. 25 
Hydrocarbons were extracted from (A) Synechocystis wild-type; (B) ∆FAR; (C) ∆FAR:comp; 26 
(D) Synechococcus wild-type; (E) ∆Ols; (F) heptadecane standard 0.0039 mg/mL; (G) 27 
nonadecene standard 0.0038 mg/mL by GC-MS (Thermo Scientific Trace GC 1310 – ISQ LT 28 
Single Quadruple EI MS, A1-1310 Autosampler) using a Thermo TG-SQC GC column (15 m × 29 
0.25 mm, 0.25-μm film thickness). Peaks were identified as (12.43 min) heptadecane and (15.41 30 
min) nonadecene. 8-heptadecene was detected at 12.15 min but is not visible due to scaling. The 31 
peak at 15.2 minutes in (D) Synechococcus wild-type was identified (by nist library) as a 32 
hexadecan-1-ol.  33 
  4
 34 
 35 
Figure S3: Chromatograms showing separation of hydrocarbons from membrane 36 
fractions. Hydrocarbons were extracted from Synechocystis wild-type (A) thylakoid membrane; 37 
(B) cytoplasmic membrane; (C) total membrane and (D) Synechococcus wild-type total 38 
membrane fractions; (E) heptadecane standard; (F) nonadecene standard GC-MS (Thermo 39 
Scientific Trace GC 1310 – ISQ LT Single Quadruple EI MS, A1-1310 Autosampler) using a 40 
Phenomenex Zebron ZB-5MSi Capillary GC Column (30m x 0.25mm x 0.25 µm). Peaks were 41 
identified as (24.76 min) heptadecane and (28.27 min) nonadecene. 8-heptadecene was detected 42 
at 24.34 min but is not visible due to scaling. 43 
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 44 
 45 
Figure S4: Brightfield confocal images of Synechocystis and Synechococcus strains. Cell 46 
morphology of strains used in this study. (A) wild-type Synechocystis, (B) ΔFAR and (C) 47 
ΔFAR:comp. Scale bars, 5 µm. (D) wild-type Synechococcus and (E) ΔOls. Scale bars, 10 µm. 48 
Images show autofluorescence (red, left), bright-field (grey, middle) and an overlay of both 49 
(right). 50 
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 51 
 52 
Figure S5: Growth of Synechocystis and Synechococcus under moderate and high light. 53 
Growth of (A, C) Synechocystis and (B, D) Synechococcus strains was measured at an OD750nm 54 
under (A, B) moderate (40 µmol photons m-2 s-1) and (C, D) high (120 µmol photons m-2 s-1) 55 
light. Cultures were inoculated with a similar amount of cyanobacteria as measured by optical 56 
density. Samples grown under high light were bubbled with air. From strains cultured under 57 
moderate light the growth rate constants (µ) of wild-type Synechocystis, ΔFAR and ΔFAR:comp 58 
were 0.015±0.002, 0.007±0.0003 and 0.015±0.001 hr-1, respectively, and in wild-type 59 
Synechococcus and ΔOls were 0.027±0.001 and 0.019±0.001 hr-1, respectively. From strains 60 
cultured under high light the growth rate constants (µ) of wild-type Synechocystis, ΔFAR and 61 
ΔFAR:comp were 0.035±0.005, 0.016±0.005 and 0.038±0.005 hr-1, respectively, and in wild-62 
type Synechococcus and ΔOls were 0.034±0.008 and 0.023±0.005 hr-1, respectively. Results are 63 
from three biological replicates. Errors bars indicate S.D. Asterisks indicate significant 64 
differences between wild-type and hydrocarbon deficient samples (Student’s paired t test: P < 65 
0.05). 66 
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 67 
Figure S6: Growth of Synechocystis under moderate light/dark cycles. Growth of 68 
Synechocystis was measured at an OD750nm under 12 hour light (40 µmol photons m-2 s-1)/12 hour 69 
dark cycles. The growth rate constants (µ) of wild-type Synechocystis, ΔFAR and ΔFAR:comp 70 
were 0.011±0.0003, 0.003±0.0001 and 0.011±0.0001 hr-1. Dark periods are indicated by black 71 
bars. Results are from three biological replicates. Errors bars indicate S.D. Asterisks indicate 72 
significant differences between wild-type and hydrocarbon deficient samples (Student’s paired t 73 
test: P < 0.05). 74 
 75 
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 80 
 81 
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 84 
 85 
Figure S7: Absorbance profiles of Synechocystis and Synechococcus strains. Spectrum 86 
showing the absorbance profile of (A) Synechocystis and (B) Synechococcus cells. Values are 87 
averages from four biological replicates and are standardized to 750 nm. 88 
 89 
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 91 
 92 
 93 
 94 
 95 
 96 
 97 
 98 
 99 
 100 
 101 
 102 
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 103 
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Figure S8: 77K fluorescence of Synechocystis and Synechococcus strains. The fluorescence 105 
emission spectra of (A) Synechocystis and (B) Synechococcus cells were recorded with an 106 
excitation wavelength at 600 nm at 77K. The spectra were normalized to the highest peak 107 
between 625 and 710 nm. The fluorescence emission spectra of (C) Synechocystis and (D) 108 
Synechococcus cells were recorded with an excitation wavelength at 435 nm at 77K. The spectra 109 
were normalized to the highest peak between 710 and 750 nm. Results are representative of three 110 
biological replicates. 111 
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 112 
 113 
Figure S9: CG topologies of representative lipids of the membrane. These are overlaid on 114 
atomistic topologies of the same lipids. Labels refer to Martini bead type used to describe 115 
relevant interactions. 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 
 124 
 125 
 126 
 127 
 128 
 129 
 130 
 131 
 132 
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 133 
 134 
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Figure S10: Membrane partial density (left panels), lipid acyl chain order parameter 135 
(central panel), and organization (right panel) in differing hydrocarbon contents averaged 136 
over the last 2 µs of simulation, seen as a bilayer landscape. In the 7.5 mol % lamellar system, 137 
these properties are shown for the first 1.2 µs of simulation, before phase transition. Regions of 138 
accumulated alkane molecules are highlighted as circles. In membrane snapshots only the tail 139 
beads are visualized, and colored according to degree of saturation. 16:0 tails are black, 16:1 140 
grey, 18:1 white, 18:2 ice blue and 18:3 pale blue. Hydrocarbons are shown in red van der Waals 141 
representation and overlaid on the membranes for clarity. 142 
 143 
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 144 
 145 
 146 
Figure S11: Electron microscopy images of Synechococcus cells. Transverse sections of (A) 147 
wild-type Synechococcus and (B) ΔOls cells used for measuring curvature. 148 
 149 
  14
150 
 151 
Figure S12: Length ratios (curvatures) of membranes from Synechococcus 7002 strains. 152 
(A) Categorical scatter plot of length ratios of all membranes sampled. (B) Kernel Density Plots 153 
of Length ratios from wild-type (blue) and ΔOls (red) membranes.  154 
 155 
 156 
 157 
 158 
A 
B 
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 159 
Figure S13: Correlation between the absorbance at 680 nm and 750 nm, and amounts of 160 
chlorophyll measured following methanol extraction. Twenty-nine samples were measured at 161 
an absorbance of 750 nm and 680 nm, followed by extraction with methanol to measure 162 
chlorophyll concentration. The amount of chlorophyll was correlated with absorbance (A680nm-163 
A750nm). The regression line is shown. The slope of the regression line (R2=0.9983), equivalent to 164 
12.959, was calculated.  165 
 166 
 167 
 168 
 169 
 170 
 171 
 172 
 173 
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Table S1. Conservation of hydrocarbon biosynthetic pathway proteins and CurT in 174 
sequenced cyanobacteria strains. The Synechocystis FAD/FAR/CurT and Synechococcus Ols 175 
amino acid sequences were subjected to BLAST analysis against sequenced cyanobacterial 176 
genomes in the NCBI database. The positive values of these BLAST results are listed. Due to 177 
similarities between Ols and other polyketide synthase proteins only matches greater than 50% 178 
identity over the length of the query sequence are shown.  179 
 180 
Strain Fad Far Ols CurT 
Acaryochloris marina MBIC11017 292/337(86%) 191/230(83%) 55/92(60%) 
Anabaena cylindrica PCC7122 301/338(89%) 197/223(88%) 82/124(66%) 
Anabaena sp. 90 297/338(87%) 196/223(87%) 90/137(66%) 
Anabaena sp. PCC7108 302/338(89%) 197/223(88%) 91/138(66%) 
Anabaena variabilis ATCC29413 305/338(90%) 204/230(88%) 90/138(65%) 
Arthrospira maxima CS-328 295/338(87%) 206/231(89%) 90/134(67%) 
Arthrospira platensis NIES-39 295/338(87%) 206/231(89%) 87/134(65%) 
Calothrix sp. PCC6303 298/338(88%) 202/228(88%) 81/123(66%) 
Calothrix sp. PCC7103 295/338(87%) 198/219(90%) 87/135(64%) 
Calothrix sp. PCC7507 299/338(88%) 202/228(88%) 82/123(67%) 
Candidatus atelocyanobacterium thalassa 296/338(87%) 198/228(86%) 81/105(77%) 
Chamaesiphon minutus PCC6605 299/340(87%) 193/230(83%) 69/100(69%) 
Chlorogloeopsis fritschii 297/338(87%) 202/231(87%) 79/123(64%) 
Chroococcales CENA595 300/338(88%) 199/230(86%) 81/119(68%) 
Chroococcidiopsis thermalis PCC7203 301/339(88%) 200/228(87%) 69/95(73%) 
Coleofasciculus chthonoplastes PCC7420 298/338(88%) 199/230(86%) 83/111(75%) 
Crinalium epipsammum PCC9333 299/339(88%) 190/225(84%) 89/126(71%) 
Crocosphaera watsonii WH8501 291/339(85%) 206/231(89%) 98/134(73%) 
Cyanobacterium aponinum PCC10605 290/340(85%) 193/225(85%) 88/133(66%) 
Cyanobium gracile PCC6307 256/337(75%) 181/220(82%) 36/65(55%) 
Cyanobium sp. PCC7001 261/334(78%) 182/220(82%)   
Cyanothece sp. ATCC51142 294/339(86%) 206/228(90%) 99/134(74%) 
Cyanothece sp. CCY0110 301/338(89%) 207/230(90%) 94/134(70%) 
Cyanothece sp. PCC7424     1871/2798(66%) 98/136(72%) 
Cyanothece sp. PCC7425 290/338(85%) 196/230(85%) 74/121(61%) 
Cyanothece sp. PCC7822     1873/2800(66%) 88/113(78%) 
Cyanothece sp. PCC8801 306/339(90%) 205/230(89%) 95/131(73%) 
Cylindrospermopsis raciborskii CS-505 301/338(89%) 191/222(86%) 88/136(65%) 
Cylindrospermum stagnale PCC7417 299/338(88%) 199/231(86%) 92/137(67%) 
  17
Dactylococcopsis salina PCC8305 282/338(83%) 199/231(86%) 77/105(73%) 
Dolichospermum circinale 298/338(88%) 197/221(89%) 78/115(68%) 
Fischerella sp. PCC9339 296/338(87%) 200/228(87%) 68/117(58%) 
Fischerella sp. PCC9431 296/338(87%) 200/228(87%) 69/117(59%) 
Fischerella sp. PCC9605 299/338(88%) 203/228(89%) 81/123(66%) 
Geitlerinema sp. PCC7407 292/339(86%) 204/231(88%) 75/104(72%) 
Geminocystis herdmanii     1791/2846(62%) 76/105(72%) 
Geminocystis sp. NIES-3708 292/340(85%) 199/230(86%) 92/137(67%) 
Geminocystis sp. NIES-3709     1785/2865(62%) 87/136(64%) 
Gloeobacter kilaueensis JS1 264/340(78%) 179/221(81%) 
Gloeobacter violaceus PCC7421 266/338(79%) 183/221(82%) 
Gloeocapsa sp. PCC7428 299/338(88%) 193/226(85%) 88/130(68%) 
Halothece sp. PCC7418 287/338(84%) 202/228(88%) 66/95(69%) 
Hassallia byssoidea VB512170 297/338(87%) 200/228(87%) 84/124(68%) 
Leptolyngbya boryana 295/338(87%) 200/230(86%) 76/111(68%) 
Leptolyngbya sp. JSC-1 294/338(86%) 201/230(87%) 89/136(65%) 
Leptolyngbya sp. PCC7376     2161/2726(79%) 87/134(65%) 
Limnorpahis robusta 297/338(87%) 204/231(88%) 71/94(76%) 
Lyngbya aestuarii 298/338(88%) 201/230(87%) 91/153(59%) 
Lyngbya sp. PCC8106 296/338(87%) 196/229(85%) 88/143(62%) 
Mastigocoleus repens 294/338(86%) 201/230(87%) 82/123(67%) 
Mastigocoleus testarum 296/338(87%) 202/228(88%) 
Microchaete sp. PCC7126 298/338(88%) 206/230(89%) 86/138(62%) 
Microcoleus sp. PCC7113 301/340(88%) 201/230(87%) 95/142(67%) 
Microcoleus vaginatus FGP-2 297/338(87%) 194/230(84%) 73/101(72%) 
Microcystis aeruginosa NIES-843 299/338(88%) 207/231(89%) 77/110(70%) 
Moorea producens 3L     1558/2851(55%) 91/137(66%) 
Myxosarcina sp. Gl1     1820/2823(64%) 73/111(66%) 
Nodularia spumigena CCY9414 302/338(89%) 199/230(86%) 91/137(66%) 
Nostoc azollae' 0708 299/338(88%) 197/223(88%) 91/140(65%) 
Nostoc punctiforme PCC73102 298/338(88%) 196/222(88%) 91/141(65%) 
Nostoc sp. KNUA003 307/338(90%) 197/230(85%) 
Nostoc sp. PCC6720 307/338(90%) 197/230(85%) 
Nostoc sp. PCC7107 305/338(90%) 195/230(84%) 91/137(66%) 
Nostoc sp. PCC7120 305/338(90%) 204/230(88%) 90/138(65%) 
Nostoc sp. PCC7524 303/338(89%) 202/230(87%) 88/137(64%) 
Oscillatoria acuminata PCC6304 294/338(86%) 202/231(87%) 77/110(70%) 
Oscillatoria cyanobacterium JSC-12 297/339(87%) 201/230(87%) 85/123(69%) 
Oscillatoria nigro-viridis PCC7112 297/338(87%) 194/230(84%) 73/101(72%) 
Oscillatoria sp. PCC6506 301/338(89%) 196/230(85%) 87/134(65%) 
Oscillatoria sp. PCC10802 295/341(86%) 202/231(87%) 89/134(66%) 
Pleurocapsa sp. PCC7319     1862/2843(65%) 83/135(61%) 
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Pleurocapsa sp. PCC7327     1890/2861(66%) 91/110(83%) 
Prochlorococcus marinus str. AS9601 262/337(77%) 173/214(80%) 37/68(54%) 
Prochlorococcus marinus str. CCMP1375 263/337(78%) 169/218(77%) 60/114(53%) 
Prochlorococcus marinus str. CCMP1986 261/337(77%) 173/214(80%) 32/63(51%) 
Prochlorococcus EQPAC1 261/337(77%) 173/214(81%) 32/63(51%) 
Prochlorococcus GP2 262/337(78%) 173/214(81%) 53/114(46%) 
Prochlorococcus LG 263/337(78%) 169/218(78%) 60/114(53%) 
Prochlorococcus marinus str. MIT9107 258/337(77%) 171/214(80%) 53/114(46%) 
Prochlorococcus marinus str. MIT9116 258/337(77%) 171/214(80%) 53/114(46%) 
Prochlorococcus marinus str. MIT9123 258/337(77%) 171/214(80%) 53/114(46%) 
Prochlorococcus marinus str. MIT9201 261/337(77%) 172/214(80%) 37/68(54%) 
Prochlorococcus marinus str. MIT9202 262/337(77%) 148/186(80%) 37/68(54%) 
Prochlorococcus marinus str. MIT9211 257/334(76%) 171/219(78%) 49/93(53%) 
Prochlorococcus marinus str. MIT9215 262/337(77%) 171/214(79%) 37/68(54%) 
Prochlorococcus marinus str. MIT9301 262/337(77%) 173/214(80%) 37/68(54%) 
Prochlorococcus marinus str. MIT9302 262/337(78%) 173/214(81%) 38/79(48%) 
Prochlorococcus marinus str. MIT9303 237/303(78%) 183/236(77%) 35/64(55%) 
Prochlorococcus marinus str. MIT9311 260/337(77%) 174/214(81%) 37/67(55%) 
Prochlorococcus marinus str. MIT9312 260/337(77%) 174/214(81%) 37/67(55%) 
Prochlorococcus marinus str. MIT9313 265/337(78%) 178/218(81%) 37/67(55%) 
Prochlorococcus marinus str. MIT9314 261/337(77%) 172/214(80%) 37/68(54%) 
Prochlorococcus marinus str. MIT9322 262/337(78%) 173/214(81%) 37/68(54%) 
Prochlorococcus marinus str. MIT9401 262/337(78%) 173/214(81%) 37/68(54%) 
Prochlorococcus marinus str. MIT9515 263/337(78%) 169/214(79%) 32/59(54%) 
Prochlorococcus marinus str. MIT0601 260/337(77%) 172/214(80%) 60/118(51%) 
Prochlorococcus marinus str. MIT0604 262/337(78%) 172/214(80%) 37/68(54%) 
Prochlorococcus marinus str. MIT0701 267/337(80%) 177/220(80%) 37/67(55%) 
Prochlorococcus marinus str. MIT0702 268/337(80%) 177/220(80%) 37/67(55%) 
Prochlorococcus marinus str. MIT0703 268/337(80%) 177/220(80%) 37/67(55%) 
Prochlorococcus marinus str. MIT0801 259/334(78%) 174/222(78%) 38/68(56%) 
Prochlorococcus marinus str. NATL1A 258/334(77%) 174/222(78%) 38/68(56%) 
Prochlorococcus marinus str. NATL2A 257/334(76%) 174/222(78%) 38/68(56%) 
Prochlorococcus marinus str. PAC1 257/334(77%) 174/222(78%) 38/68(56%) 
Prochlorococcus marinus str. SB 260/337(77%) 173/214(81%) 37/68(54%) 
Prochlorococcus marinus str. SS2 263/337(78%) 169/218(78%) 60/114(53%) 
Prochlorococcus marinus str. SS35 263/337(78%) 169/218(78%) 60/114(53%) 
Prochlorococcus marinus str. SS51 263/337(78%) 169/218(78%) 60/114(53%) 
Prochlorococcus marinus str. SS52 263/337(78%) 169/218(78%) 60/114(53%) 
Prochloron didemni     1831/2988(61%) 
Prochlorothrix hollandica 293/338(86%) 193/229(84%) 66/100(66%) 
Pseudanabaena sp. PCC 7367 285/339(84%) 201/226(88%) 37/53(70%) 
Raphidiopsis brookii D9 299/338(88%) 194/221(87%) 89/136(65%) 
Rivularia sp. PCC 7116 294/338(86%) 194/228(85%) 73/110(66%) 
  19
Scytonema hofmanni UTEX B 1581 299/338(88%) 200/228(87%) 83/123(67%) 
Scytonema millei 302/339(89%) 200/231(86%) 70/95(74%) 
Scytonema tolypothrichoides 299/338(88%) 200/228(87%) 82/128(64%) 
Stanieria cyanosphaera PCC7437     1899/2788(68%) 86/126(68%) 
Synechococcus elongatus  279/337(82%) 195/231(84%) 78/118(66%) 
Synechococcus sp. BL107 259/337(76%) 172/210(81%) 60/129(47%) 
Synechococcus sp. CC9311 265/339(78%) 181/219(82%) 43/75(57%) 
Synechococcus sp. CC9605 266/337(78%) 171/210(81%) 57/128(45%) 
Synechococcus sp. CC9902 259/337(76%) 172/210(81%) 60/129(47%) 
Synechococcus sp. NKBG15041c     2327/2724(85%) 93/135(69%) 
Synechococcus sp. JA-2-3B'a(2-13) 268/338(79%) 179/221(80%) 33/64(52%) 
Synechococcus sp. JA-3-3Ab 268/338(79%) 180/221(81%) 
Synechococcus sp. PCC6312 294/338(86%) 188/221(85%) 79/132(60%) 
Synechococcus sp. PCC7002     2720/2720 90/133(68%) 
Synechococcus sp. PCC7335 285/339(84%) 196/231(84%) 76/115(66%) 
Synechococcus sp. PCC7502 283/339(83%) 188/222(84%) 80/139(58%) 
Synechococcus sp. RCC307 265/337(78%) 182/220(82%) 59/130(45%) 
Synechococcus sp. RS9916 263/337(78%) 173/210(82%) 38/69(55%) 
Synechococcus sp. RS9917 262/337(77%) 176/210(83%) 53/116(46%) 
Synechococcus sp. WH5701 264/334(79%) 182/220(82%) 42/67(63%) 
Synechococcus sp. WH7803 264/337(78%) 180/219(82%) 42/75(56%) 
Synechococcus sp. WH7805 265/337(78%) 175/210(83%) 51/103(50%) 
Synechococcus sp. WH8102 263/337(78%) 174/210(82%) 60/128(47%) 
Synechococcus sp. WH8109 265/337(78%) 174/210(82%) 44/94(47%) 
Synechocystis sp. PCC6714 338/340(99%) 227/231(98%) 131/134(98%) 
Synechocystis sp. PCC6803 340/340 231/231 149/149 
Synechocystis sp. PCC7509 299/340(87%) 199/230(86%) 85/134(63%) 
Thermosynechococcus elongatus BP-1 290/338(85%) 186/221(84%) 69/124(56%) 
Tolypothrix campylonemoides 299/338(88%) 203/231(87%) 82/124(66%) 
Tolypothrix sp. PCC7601 302/338(89%) 203/230(88%) 89/137(68%) 
Trichodesmium erythraeum IMS101 297/338(87%) 192/220(87%) 66/93(71%) 
Trichormus azollae 299/338(88%) 197/223(88%) 73/105(70%) 
Xenococcus sp. PCC7305     1857/2848(65%) 87/137(64%) 
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Table S2: Cell size as determined via fluorescence microscopy. Values represent the cell 186 
diameter of Synechocystis cells and width/length of Synechococcus cells in µm. The cellular 187 
volume is measured in µm3. Standard deviation (S.D.) is indicated. Asterisks indicate significant 188 
differences between samples (Student’s t-test; P < 0.0001). 189 
 190 
Strain Cells counted 
Cell size 
(Mean) 
cell size 
(S.D.) 
Cell 
volume 
(±S.D.) 
Minimum 
cell size 
Median 
cell size 
Maximum 
cell size 
Synechocystis 
Wild-type 171 2.06 0.13 4.63±0.83 1.60 2.08 2.38 
ΔFAR 121 2.72* 0.34 11.02±4.23* 1.72 2.72* 3.85 
ΔFAR:comp 186 2.09 0.15 4.83±0.99 1.60 2.08 2.40 
Synechococcus 
Wild-type 102 1.61/2.30 0.13/0.50 3.08±0.72 1.36/1.60 1.58/2.21 2.13/4.36 
Δols 128 1.76*/2.41 0.27/0.84 3.89±1.49* 1.36/1.40 1.7*/2.30 3.57/7.49 
 191 
 192 
 193 
 194 
 195 
Table S3: Cell size as determined via particle counting measurements. Values represent the 196 
cell width/diameter of the cells in µm. The cellular volume is measured in µm3. Standard 197 
deviation (S.D.) is indicated. Asterisks indicate significant differences between samples (P < 198 
0.0001). 199 
 200 
 201 
Strain Cells counted 
Cell size 
(Mean) 
Cell size 
(S.D.) 
Cell 
volume 
Minimum 
cell size 
Median 
cell size 
Maximum 
cell size 
Synechocystis 
Wild-type 1069396 2.06 0.31 4.58 1.60 2.08 2.38 
ΔFAR 370156 2.80* 0.41 11.49* 1.72 2.72* 3.85 
ΔFAR:comp 917114 2.00 0.23 4.19 1.60 2.08 2.40 
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Table S4: Cell counts of single and actively dividing Synechocystis cells. Asterisks indicate 205 
significant differences between samples (P < 0.05). 206 
 207 
Strain Single cells Dividing cells Total cells % Single cells % Dividing cells 
Wild-type 257 172 429 59.9 40.1 
ΔFAR 169 152 321 52.6* 47.4* 
ΔFAR:comp 178 117 295 60.3 39.7 
 208 
 209 
Table S5: Carotenoid/chlorophyll ratios in cyanobacterial strains. Results are from three 210 
biological replicates. 211 
 212 
Strain Mean S.D. 
Synechocystis 
Wild-type 0.31369 0.10439 
ΔFAR 0.39693 0.10933 
ΔFAR:comp 0.42608 0.10330 
Synechococcus 
Wild-type 0.91792 0.01904 
ΔOls 1.28426 0.15799 
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Table S6: Lipid composition of cyanobacterial membranes. The experimental lipid 222 
composition according to Sheng et al is shown in mM, and has been adjusted to account for 223 
lipids rather than fatty acids. The simplified composition used in a 2,400 lipid bilayer in the in 224 
silico models is given in brackets. ND = not detected. 225 
 226 
 227 
 PG MGDG SQDG DGDG 
2x16:0 0.041 (96) 0.329 (840) 0.239 (600) 0.082 (192) 
16:0-16:1Δ9 ND 0.044 (96) 0.040 (96) 0.006 (24) 
16:0-18:1Δ9 0.014 (48) 0.018 (48) 0.032 (96) 0.012 (48) 
16:0-18:2Δ9,12 0.006 (24) 0.030 (72) 0.017 (48) 0.010 (24) 
16:0-α18:3Δ9,12,15 ND 0.024 (48) ND ND 
Total 0.061 (168) 0.445 (1104) 0.328 (840) 0.110 (288) 
 228 
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Table S7: Sequence of primers used in this study. Restriction endonuclease sites introduced 232 
into the primer are underlined.  233 
 234 
Primer Sequence 
Sll0209for GTACGCATGCACCTTGTTCACCAGCTCCAC 
Sll0209rev GTACTCTAGACAAAATGGAAAACCGCCATA 
olsfor GATCGAATTCAGCAAACCGTTTTTGTGACC 
olsrev GTACGTCGACTGCAAGGTGGCGAACTGTAT 
phaABleftfor GTACTCTAGAGGGACCATCCTGACTACACG 
phaABleftrev GATCGGATCCGTTCGTTTAGCGGCAACAAT 
phaABrightfor GATCGAGCTCTTTTACTTTCCCCCGTAGCC 
phaABrightrev GACTGAATTCGCATTGTCTGGTCCATGTTG 
Sll0209compfor GATCGGATCCTTTGACCAGCAGCATTGAG 
Sll0209comprev GATCGAGCTCTTTCATGAGCCCACAAATCC 
Phafor ATTGTTGCCGCTAAACGAAC 
Pharev TACTGGCTACGGGGGAAAGT 
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